We compared signal-averaged electrocardiography with invasive electrophysiological study in patients after surgical repair of congenital heart disease to determine if potentially useful correlations exist between the two methods for assessment of risk for ventricular tachycardia.
We compared signal-averaged electrocardiography with invasive electrophysiological study in patients after surgical repair of congenital heart disease to determine if potentially useful correlations exist between the two methods for assessment of risk for ventricular tachycardia.
Thirty-one patients (age, 1-49 years; mean, 10.6 years) with congenital heart disease repaired with right ventriculotomy or postrepair right bundle branch block (77% postoperative tetralogy of Fallot) who had electrophysiological study were studied with signal-averaged electrocardiography. Patients were classified by electrophysiological study results as having no inducible ventricular tachycardia, nonsustained ventricular tachycardia, or sustained ventricular tachycardia. Signal-averaged electrocardiograms were examined for the duration of low-amplitude (c40 ,uV) QRS signal, duration of total QRS, and root-mean-square voltage of the terminal 40 msec of the QRS. Low-amplitude terminal root-mean-square voltage of 100 ,uV or less had 91% sensitivity and 70%,7 specificity for ventricular tachycardia inducible by electrophysiological study. Similar sensitivity but less specificity were seen using the criterion of 20 msec or more total low-amplitude QRS signal (initial plus terminal) or using total QRS duration of 128 msec or more. There was a weaker association between terminal low-amplitude QRS signal of 15 msec or more and inducible ventricular tachycardia. The signal-averaged electrocardiogram did not reliably distinguish sustained from nonsustained inducible ventricular tachycardia. Results of our study suggest that signal-averaged electrocardiography in patients with surgically repaired congenital heart disease correlate with presence or absence of either sustained or nonsustained ventricular tachycardia by electrophysiological study and that 100 ,uV or 
Methods

Patient Population
Candidates for inclusion in this study were selected from the pediatric or adult cardiology clinic population at the University of Nebraska Medical Center if they fulfilled the requirements of diagnosis of congenital heart disease repaired with ventriculotomy or with postoperative right bundle branch block, sinus rhythm, and a current invasive electrophysiological study with ventricular stimulation protocol. Thirtyone patients were studied (age range, 1-49 years; mean age, 10.6 years). A total of 22 males and 9 females were included. Twenty-four of the patients had surgically repaired tetralogy of Fallot (77%); two had repaired subpulmonary stenosis with intact ventricular septum (6%); one had repaired truncus arteriosus (3%); two had repaired ventricular septal defect and obstructive right ventricular muscle bundle, including one with ventricular inversion (6%); one had repaired complex transposition of the great arteries (3%); and one had repaired perimembranous ventricular septal defect (3%). The time interval from surgery to SAECG ranged from 4 months to 28 years (mean, 6.7 years). All SAECGs were performed within 3 months of electrophysiological study. The Figure 1 ). Measurement of duration of initial low-amplitude QRS signal was included because of previous observations of abnormal low-amplitude signal in the initial QRS in patients with VT33 and in those with rejection of a transplanted heart.34 Ventricular Stimulation Protocol During Intracardiac Electrophysiological Study Single (S2), double (S2-S3), and triple (S3-S4) programmed ventricular premature stimuli were introduced into ventricular (drive) paced rhythm as previously described.7 At least two drive cycle lengths (most often, 500 and 400 msec) were used, and at least two areas were stimulated within the right ventricle (apex and outflow tract) unless reproducible sustained VT was induced before the completion of the stimulation protocol. Sustained VT was present when reproducible tachycardia was more than 30 seconds in duration or shorter-duration VT was terminated by DC cardioversion or overdrive ventricular pacing because of symptomatic hypotension. Nonsustained VT was defined when reproducible tachycardia was more than 3 beats but less than 30 seconds before spontaneous termination. In patients in whom the electrophysiological study was repeated to evaluate the effectiveness of a specific antiarrhythmic medication in controlling an identified VT, only the original electrophysiological study that identified the type of VT was used to classify the patient. Statistics
Values for LASi, LASt, LAS, RMS, and QRS as well as age at operation and age at SAECG were compared among the groups of patients with VT-S, VT-NS, and No VT, using analysis of variance. When analysis of variance showed differences among these groups (p<0.05), individual two-tailed t tests were performed using the Bonferroni correction for multiple t tests. 35 Ap value less than or equal to 0.05 was considered statistically significant.
Receiver operating characteristic curves36 were plotted for each SAECG measurement as an indicator for inducible VT and inspected for the cutoff point, which maximized the true-positive ratio while maintaining the false-positive ratio at less than 50% (see Figure 2 ). These high-sensitivity, moderatespecificity points were Contingency Table Analysis Because of the failure to document differences in SAECG data between groups VT-S and VT-NS, these groups were combined for further comparison with the No VT group. Receiver operating characteristic curve analysis identified high-sensitivity cutoff criteria for RMS equal to or less than 100 ,uV, LAS equal to or more than 20 msec, QRS equal to or more than 128 msec, LASt equal to or more than 15 msec, (Figure 2 ).
We generated 2x2 contingency tables using these cutoffs as indicators for VT inducible at electrophysiology study ( The results of this study relate only to children and young adults after surgical repair of congenital heart disease, primarily tetralogy of Fallot. The conclusions, therefore, cannot be generalized to other groups at risk for VT. No normal values for SAECG measurements are established in childhood; however, this does not impair the interpretation of SAECGs in patients after right ventriculotomy for congenital heart disease because identifiable differences were detected between patients with inducible VT and a control group without inducible VT. The wide range in ages of patients evaluated in this study is a potential problem. The sample size did not permit meaningful subdivision by age; however, the effects of age on the signal-averaged electrocardiogram after heart surgery is an area for ongoing investigation.
Our results differ from those of Zimmermann et al,28 who found no relation between the abnormal SAECG and the occurrence of ventricular arrhythmias in postoperative tetralogy of Fallot. There are several possible explanations for this. First, their data did not include a ventricular stimulation protocol and relied on information obtained by 24-hour ambulatory electrocardiography (only one electrocardiogram per patient). The limited value of 24-hour ambulatory electrocardiography in predicting VT and its discordance with the electrophysiological results have been demonstrated in recent studies of adult patients with ischemic heart disease.8-12 Second, their patient population had a very low incidence of complex ventricular arrhythmias for evalu- Values are given as mean+SD. 
